ABSTRACT The enormous growth of wireless data traffic in recent years has made the millimeter-wave (mm-wave) technology as a good fit for high-speed communication systems. Extensive works are continuing from the device to system, to the radio architecture, to the network to support the communication in mm-wave frequency ranges. To support this extensive high data rate, beam forming is found to be the key-enabling technology. Hence, an array antenna design is an extremely important issue. The beam-forming arrays are chosen to achieve the desired link capacity considering the high path loss and atmospheric loss at mm-wave frequencies and also to increase the coverage of the mm-wave communication system. There are diverse design challenges of the array due to the small size, use of large numbers of antennas in close vicinity, integration with radio-frequency (RF) front ends, hardware constraints, and so on. This paper focuses on the evolution and development of mm-wave array antenna and its implementation for wireless communication and numerous other related areas. The scope of the discussion is extended on the reported works in every sphere of mm-wave antenna array design, including the selection of antenna elements, array configurations, feed mechanism, integration with front-end circuitry to understand the effects on system performance, and the underlying reason of it. The new design aspects and research directions are unfolded as a result of this discussion.
I. INTRODUCTION
With the ever increasing demand of wireless data traffic, the spectrum shortage in the microwave frequency band has become more prominent. This necessitates exploring the millimeter wave (mm-wave) frequency range (30 -300 GHz) for future 5G communications with high speed wireless connectivity for mobile, imaging, and multimedia applications [1] . Mm-wave has found emerging applications in broadband cellular communication, intra-vehicular and inter-vehicular communication, aerospace communication, medical imaging etc. The fundamental differences between the mm-wave communications and existing other communication systems operating in microwave frequency range (e.g. 2.4 GHz and 5 GHz band) should be kept in mind while designing mm-wave devices [2] . The mm-wave communications suffer from integrated circuits motivates the use of mm-wave and sub-mm-wave bands for commercial use [3] , [4] . As a result, several standards have recently been defined for indoor wireless personal area networks (WPAN) or wireless local area networks (WLAN) at 60 GHz band [5] , [6] . The excessively high path loss at mm-wave ranges due to oxygen absorption prevents long distant communications. However, for short range WPANs the path loss provides extra spatial isolation and higher implicit security [3] . Also the higher level of equivalent isotropically radiated power (EIRP) allowed by the regulatory committees for mm-wave compared to other WLAN/WPAN standards facilitates the multi-gigabitper-second wireless transmission over typical indoor distances (approx. 10 m) for mm-wave frequencies. Mm-wave technology is being considered as a promising alternative for 5G cellular networks [7] . Though the International Telecommunication Union announces the 3.4 -3.6 GHz, 5 -6 GHz, 24.25 -27.5 GHz, 37 -40.5 GHz, 60 GHz bands (57 -64 GHz and 64 -71 GHz), and 70/80 GHz bands (71 -76 GHz, 81 -86 GHz) for 5G communications, the limited spectrum resource available sub − 6 GHz encourages the use of mm-wave frequencies for the desired bandwidth requirement [8] , [9] . Active research is continuing on the use of the 28 GHz, 38 GHz, 60 GHz and the E-band (71 -76 GHz and 81 -86 GHz) for mm-wave communications [2] . To compensate the high propagation loss, the use of highly directional antenna and steerable antenna beams become necessary. The antenna array technology helps in producing highly directive and steerable beams. Also, the small wavelength of the mm-wave region facilitates the array architecture to be embedded into portable devices. The use of multiple antenna helps to achieve multiplexing gain by transmission of parallel data streams simultaneously over multiple antennas, diversity gain which reduces bit error rate and antenna gain (improved signal-to-noise-plus-interference ratio of wireless systems) [10] . The antenna array configuration with appropriate beam-former increases the Rician K-factor gain and reduces the root-mean-squared (RMS) delay spread due to multipath dispersion at the receiver. Thus the design of suitable beam forming array antenna in the mm-wave frequencies has become essential for 5G communications. The phased array is used to focus and steer the transmitted or received electromagnetic energy along a certain direction [11] . To achieve the steering, a specific time delay is introduced between the elements of the array so that the contributions from all the elements are coherently summed at a particular angle to the array face. The concept of phased array is conceived in the early 1900s [12] , [13] . Initially the array antenna is designed for a fixed beam-pointing and mechanical rotation is used for beam steering [14] . Gradually the technology of steering the beam by mechanically controlling the phase shift at each element evolved. The development of electronic steering in 1960s phased array becomes advantageous as it helps to avoid the repositioning of huge reflectors and feed assemblies for tracking purpose [13] . A survey on different beam steering techniques for mm-wave applications is presented in [15] . The design of antenna array at mm-wave frequencies is a very complex job and includes several design challenges:
• The size of the antenna array should be reduced to integrate the whole array in portable high frequency devices. The small size of the array structure increases the fabrication error and complexity. Also to achieve the desired scanning performance and avoid the grating lobes, the inter-element spacing is kept small. The close proximity of these elements causes high mutual coupling which degrade the array performance. The mutual coupling is an important issue which needs special attention. Different mechanisms are chosen to reduce the mutual coupling.
• The losses in the feed lines of the array, phase shifter, become appreciable in mm-wave frequencies and need special care in the design. This high loss reduces the system sensitivity and efficiency.
• The antenna array is desired to be integrated with other circuitry e.g. front end detector and amplifier circuits for the implementation of low cost mm-wave systems. Different antenna integration technologies e.g. system-onchip, system-in-package or standard laminate substrates are chosen according to the nature of application and gain requirement [16] .This requires the judicious selection of the antenna materials with known characteristics and low loss at mm-wave frequencies. Also the electromagnetic interference (EMI) between the antennas and other front end modules hamper the operation of both the antennas and circuits. The huge applications of mm-wave in various scientific areas require a detailed understanding and knowledge on the design of mm-wave antennas, beam-forming array, and a complete study including all these concerns as a whole. The application areas of mm-wave communications are not only limited to cellular communication, but also include different areas e.g. radar communication, automotive radars, device to device communication, medical imaging, security and healthcare, internet of things (IoT) etc which involve wide range of frequency starting from 10 GHz to 300 GHz. The mm-wave frequency range with specific application areas are summarized in Table 1 .
Few survey and tutorial papers are published on different aspects of mm-wave communications and its application areas [2] , [4] , [8] , [15] , [16] , [17] , [18] . The survey on the solutions and standards used in designing the architectures and protocols for mm-wave communications till 2015 with several application areas are presented in [2] . It also suggests open research challenges in the physical layer technology, network architecture, control mechanisms etc for 5G communications [2] . The advancements in the design of mm-wave circuit components e.g. power amplifiers, low noise amplifiers, analog-to-digital converters, on-chip and in-package antennas for 60 GHz transceiver design are discussed in [4] . Though the research activities on on-chip and in-package antennas till 2011 is presented in [4] , the latest developments including antenna arrays, feed mechanism, material properties etc. are not discussed. An interesting review of multi-beam antenna technologies, system architecture and beam-forming methods is presented in [8] . The passive and phased array multi-beam antenna system based on reflectors, lens etc., beam-forming circuits, design and implementation, applications and challenges in view of the development till 2017 are covered in [8] . The paper points out the problem of implementation of the multi-beam array with the transceiver chips in planar multi-layer printed circuit board (PCB) configuration with optimized cost, performance and complexity. However, a detailed discussion on the planar integrated phased array antenna is avoided in [8] . The various techniques used to achieve beam steering in mm-wave frequency range are analyzed in [15] . A very useful survey presenting the development and suitability of different beam forming methods for mm-wave communications including the challenges and characteristics of mm-wave frequencies is found in [16] . Different applications of mm-wave for massive MIMO and vehicular technology are surveyed in [17] and [18] . However, it is noticed that a detailed discussion on the antenna array design, methodology, feed mechanism, array design strategy to enable efficient beam-forming, steering and tracking is not well addressed yet. The selection of materials for antenna design specially for planar structure is also expected to play a crucial role in association with the array structure and dimension to optimize the array performance in mm-wave frequencies. Hence, there is a need for an inclusive survey on the array antenna design for various application areas that come under the ambit of mm-wave communication over the range of 10 -100 GHz till today. In this survey paper, we present a comprehensive work covering all these areas simultaneously.
The scope of this paper includes brief description of different types of array antennas with special emphasis on application to mm-wave communications. The usage and suitability of micro-strip antenna for mm-wave beam-former design and the emerging technologies are described. Also a comparative study of the performance of the systems presented in recent works is included to identify the gaps and challenges of the work and the areas to improve the performance.
The rest of this paper is organized as follows. Section II presents different antenna array architectures and approaches. The working principle of phased array is briefly described in Section III. Section IV briefly describes the important array parameters. Section V addresses the key issues in mm-wave array antenna design including the element characteristics, substrate loss, effect of feeding techniques, mutual coupling between array elements etc. Even the effect of electromagnetic interference (EMI) with RF front ends and antennas is discussed in this section. The system design and implementation aspects, with emphasis on advancements in mm-wave antenna array design are discussed in Section VI. The development and application of mm-wave phased array design in different areas are briefly discussed in Section VII. In Section VIII, the discussion is summarized and the survey is concluded with a suggestion to future research directions.
II. ANTENNA ARRAY ARCHITECTURES AND APPROACHES
The huge development during 1950 -60s made the antenna array specially phased array an inevitable technology for different applications e.g. radar, communications, remote sensing, navigation, automotive, biomedical imaging and in many other fields [20] - [22] . The continuous growth in the area of wireless services and applications has become helpful for the design of today's array antennas. The array antennas are broadly classified in several categories according to the various design parameters, e.g. geometrical configuration, electrical architecture, feeding mechanism etc. Each category is subdivided into several classes according to the design approach which is briefly presented in this section. Categorization of the different approaches is provided in Figure 1 for quick reference. The pros and cons of the different types of array configurations are summarized in Table II .
A. GEOMETRICAL CONFIGURATION
According to the geometrical configuration the antenna array is classified into linear and planar structures considering the placement of array elements. In general, the identical radiators are arranged in linear, rectangular, triangular and circular lattice with periodic spacing between them to achieve the desired radiation pattern. The array beam-forming performance depends on the choice of array configuration, physical structure of each element, excitation of the elements.
1) LINEAR ARRAY
The beam forming and beam steering of the main antenna lobes on a single plane are obtained via a linear phase taper of the signal fed to the array elements (Figure 2(a) ) [23] . The discrete array is considered as the limiting case of a continuous aperture illumination for the convenience of applying the array synthesis procedure to formulate radiation pattern [24] . The broadside linear array of isotropic elements produces a very wide pattern in a plane perpendicular to the array axis and a narrow pattern in the plane of the array. For omni-directional and few simple elements, the directivity is integrated in closed form. However, for realistic elements, the radiation from the array and directivity is evaluated using potential functions considering magnetic and electric potentials which include the mutual coupling between array elements [24] . The detailed analysis in this area is out of the scope of this survey. The linear array antenna with constant magnitude and phase excitation produces optimum directivity for most arrays.
2) PLANAR ARRAY
The planar arrays are used to achieve beam steering in both the azimuth and elevation planes. The most common planar array structures are the rectangular/square array with equal spacing between adjacent elements in each column and row as shown in Figure 2 (b). For a large array, the application of huge number of antenna elements, associated phase shifters, and other components increase the overall cost and complexity of the system. It is found that by arranging the elements in triangular pattern, the number of required elements can be reduced appreciably (approx. 13.4 % for uniformly spaced elements) [25] . The rectangular array is used for rectangular scan coverage whereas the triangular lattice produces conical scan coverage. The circular arrays (Figure 2(c) ) with the elements arranged in concentric circles are preferred for some applications due to lower first side lobe level [26] . The uniform circular array also enables the array to scan azimuthally with minimum change in beam-width and side-lobe level [27] .
B. ARRAY LAYOUTS
According to the layouts the phased array is divided into regular and irregular array structures. In conventional array structures, the antennas are arranged on a regular lattice or grid with constant inter-element distance. This type of array structure is referred as regular array structures. The discussion till this subsection includes only the regular array structures.
For certain modern applications, multiple functionalities of phased array are required with larger bandwidth, higher re-configurability, smaller size etc. [28] . Also the advancement in the design of high power amplifiers and analog-todigital converters encourages for the design of high power and digital beam-forming array, which further increases the cost, complexity and weight of the array. The irregular arrays offer a viable solution with desired cost/performance trade off in this situation. The whole array is divided into a number of uniformly excited sub-arrays with shapes and weighting coefficients calculated fulfilling the design constraints [29] . The irregular array structures are broadly classified in clustered, thinned (Figure 3(a) ) and sparse ( Figure 3(b) ) according to their electrical performance [28] . These types of irregular arrays are used for different applications e.g. wireless power transmission [28] , [30] , [31] , satellite communication radar, remote sensing, biomedical imaging [32] , [33] , multiple-input-multiple-output (MIMO) applications, radar imaging [34] , [35] etc.
C. FEED ARCHITECTURE
The selection of feed network of antenna array for a particular application depends on several criteria e.g. number of simultaneous beams, peak and average side lobe level, power, tunable and instantaneous bandwidth etc [36] . The feed network is broadly classified in space, constrained and hybrid feeds.
• Space feed In space feed, the array elements are illuminated by the radiation of a feed antenna placed at the focal distance away from the aperture of the pick-up array [36] (Figure 4(a) ).
• Constrained feed The constrained feed is categorized into series (Figure 4(b) ) and parallel/corporate (Figure 4(c) ) feed network.
In a series feed, the radiating elements are fed serially while in parallel feed, they are fed in parallel. In a typical series fed array, the input signal is fed from one end while the other end is terminated in matched load [36] . This type of antenna has found interesting applications in mm-wave beam switching arrays [37] - [40] . Interesting micro-strip comb line array configuration is designed in [37] , [38] with rectangular radiating elements connected directly to the straight feed-line. The transmission line connecting the elements incorporates the progressive phase difference between the elements. This results in travelling wave operation of the array. Also, the reflection cancelling slit structure is inserted on the feed-line around each radiating element to reduce the reflection [40] . Later to improve the return loss characteristics of the array, the matching-circuit integrated to the radiating elements is used [41] . Several micro-strip comb-line arrays with different beam directions are used for the design of mm-wave beam switching applications [42] . However, the series fed phased array is limited for narrow band applications. With the increase in the transmission line length from the input to the following radiating elements, a progressive phase change occurs between the elements with frequency variations. This results beam squinting effect. The amount of beam squint is expressed as beam squint = f f
Here f is the change in frequency and θ 0 is the nominal scan angle [36] .
In parallel feed, the transmit power is divided in a corporate tree fashion to all the radiating elements. The length of every feeding line is equal which makes in-phase power division. In this case, the frequency bandwidth for broadside is ideally infinite, only limitations are due to the components e.g. coupler, phase shifters, radiators etc. The beam scanning away from broadside direction shows variation with frequency. The amount of beam squint in this case is given as beam squint = f f tanθ 0 [37] . At each level of the corporate feed network, the mismatches from the radiating elements are well isolated from each other. Also multiple simultaneous beams can be formed using Butler matrix or Blass matrix feed [43] , [44] . The micro-strip arrays with parallel feed network are used for mm-wave applications [45] , [46] .
In some applications, the combination of linear and corporate feeding technique is simultaneously applied for designing high gain antennas [47] . The linear micro-strip patch array fed by corporate feeding mechanism is studied for mm-wave ultra wideband applications e.g. short range radar for vehicles in 79 -80 GHz Frequency band [47] .
A combination of space feed and constrained feed is preferred for some applications due to their high power handling capacity, low cost, low loss characteristics [48] .
D. BEAM-FORMING ARCHITECTURE
The beam-forming is performed by aligning the phases of the incoming signal from different parts of an array to form a beam in a specific direction. According to the architecture the beam-forming array is broadly classified in the categories: analog, digital and hybrid beam-forming array [14] , [15] , [26] . Different beam-forming architectures are shown in Figures 5-7 . The digital beam-forming is performed in base-band (BB) domain while the hybrid architecture divides the beam-forming process in analog and digital domain.
1) ANALOG BEAM-FORMING ARRAY
The major RF front-end components of a beam-forming array are analog base-band, frequency generation, modulation and frequency conversion, power amplification and phase shifter. The analog baseband converts the coded base-band in-phase and quadrature (I/Q) digital bits to continuous time analog signals using digital to analog converters (DACs). The analog signals are filtered to reject the unwanted high frequency spectral contents. The filtered I/Q signals are used to modulate a high frequency carrier signal known as the local oscillator (LO) signal. The LO signal is usually generated by phase locked loop (PLL) with highly accurate reference frequency. In some array configurations the modulation is applied at the intermediate frequency (IF) and modulated signal is up-converted by a mixer. This architecture is advantageous due to its low power consumption, better phase noise performance and linear and power efficient modulation [49] . However, the mixer produces undesired spectral contents, which reduces the desired signal power and also potentially interferes with other communication links at that frequency band. Another approach is to use the modulation at the final RF carrier frequency. The signal is then amplified using power amplifier (PA) to achieve required power level. The power amplifier must be isolated from the voltage controlled oscillator (VCO) by using a good lay-out to minimize the pulling effect. The phase shifter is used to achieve the beam-forming characteristics.
The hardware architecture of the beam-forming array specially at mm-wave frequencies is quite complicated due to different hardware imperfections e.g. phase noise, power amplifier non-linearities, I/Q imbalance etc., which requires thorough analysis and design along-with potential solutions [50] . A detailed discussion on this area is out of the scope of this paper and avoided here concentrating only on the beam-forming array. According to the position of the phase 83142 VOLUME 7, 2019 shifter, the analog beam-forming array is broadly classified in analog RF, analog IF, analog base-band (BB) and analog LO beam-forming [16] .
• Analog RF beam-forming In RF beam-forming the relative phases of different antenna elements are adjusted in the RF signal domain. This architecture requires least number of circuit components which appreciably reduces the cost and power requirement [51] . However, phase shifter at high frequencies specially mm-wave range is quite difficult to implement. The phase shifter becomes lossy at high frequencies due to the use of variable passive components, which requires another amplifier to compensate the gain variation. Also, for the applications requiring large bandwidth, the use of phase shifter poses a challenge due to its frequency dependent characteristics [15] . For wide-band applications, the true-time delay circuits can be used [8] .
• Analog IF, BB beam-forming VOLUME 7, 2019 The relative phases of different antenna elements are adjusted in the analog IF [52] or base-band domain [53] . The phase shifter at low frequencies can be realized with high resolution, low insertion loss, low power and small foot-print. However, due to the use distributed LO signal to local elements, this architecture is more sensitive to noise. This requires special care to isolate the LO distribution path from noisy circuitry [49] . Also these two methodologies are applicable for narrow-band operation since it requires longer delay line even in IF for implementing certain time delay using analog approach [8] .
• Analog LO beam-forming In this architecture the relative phases of different antenna elements are adjusted in the LO signal domain [54] . Since the phase shifter is not implemented in the main signal path, the bandwidth and linearity requirement of the phase shifter is not so stringent as RF phase shifting architecture [55] . However, the requirement of more circuit blocks, specially additional mixers increases the cost, size and power consumption.
2) DIGITAL BEAM-FORMING ARRAY
In a digital array the radio frequency (RF) signal is converted to digital signal at the sub-array or element level and the digital signal processor is used for beamforming [14] . It has become popular with the rapid commercial evolution of digital processor technology. The sub-array digital beam-former provides multiple simultaneous beams over a limited scan sector [56] . The low side-lobes of the overlapped sub-array pattern suppress the grating lobes [57] - [62] . The recent developments of silicon-based RF integrated circuit (IC) design and fabrication allows the use of low cost element level digital transceiver with reduced cost, size and power consumption [63] . Thus the element level The digital phase shifting allows arbitrary time delays at each element which is useful to avoid unwanted beam squint effects in large arrays operating over wide bandwidth. Also, it significantly improves the array performance by producing improved adaptive pattern nulling, multiple simultaneous beams over full scan volume. It has several additional advantages compared to analog beam-former e.g. antenna self-calibration, ultra-low side-lobes, array element pattern correction, and flexible power and time management. However, for mm-wave applications, this architecture also has several disadvantages. The phase shifting and adding operations become potentially power hungry due to the higher IF bandwidth of mm-wave transceiver. Also the implementation of RF/LO/IF paths multiple times increase the overall cost of the system.
3) HYBRID BEAM-FORMING ARRAY
The hybrid of analog and digital beam-forming array is recently finding growing interest. In this type of array, the complexity of digital beam-forming is reduced while improving the performance of analogue beam-forming. The hybrid beam-forming attaches the digital beam-forming architecture to the end of the analog beamformer. The analog beamforming section controls the phase of the signal at each element while the digital beamforming section applies baseband signal processing to enhance the performance of the multiple data channels [16] .
Different types of architectures have several advantages and disadvantages which require proper selection for particular application considering the frequency, area, power, interference, robustness etc [49] .
III. WORKING PRINCIPLE OF PHASED ARRAY
In a phased array, the major radiation from the array is oriented in the desired direction by controlling the phase excitation between the elements. This requires the proper choice of number, geometrical arrangement, relative amplitudes and phases of the array elements [67] . The working principle is described for the simplest form of antenna array i.e. linear array (Figure 2(a) ). The array of identical elements are excited by equal magnitude and each with a progressive phase difference. The total field is obtained by using the pattern multiplication rule i.e. multiplying the field of an individual element by the array factor considering point source elements. For an array of equally spaced identical elements excited with equal amplitudes and uniform progressive phase α, the array factor F a (θ, φ) is proportional to the radiated field at a point in space as
Here k = 2π λ , λ is the wavelength, d is the inter element spacing, I c and I n are the magnitude of the current on the center and n-th element respectively [26] . The major radiation from the array is oriented from broadside to the desired direction θ 0 by controlling the phase excitation between the elements such that kdcosθ 0 = −α i.e. θ 0 = arccos[
The design is optimized by selecting both the maxima of single element and array factor towards the desired angular direction. The requirements for the array factor are achieved by appropriately choosing the inter-element spacing (d) and phase excitation between the elements. For a requirement of maximum radiation of the array to be oriented at an angle θ 0 (0 0 ≤ θ 0 ≤ 180 0 ), the phase excitation α between the elements is achieved from equation (1) as kdcosθ 0 = α. The total beam-width of the array is achieved as [67] 
Here L is the length of the array. This equation is valid for the half-power beam-width of a broadside and uniform scanning array. When the beam reaches towards the end-fire direction, a position is reached from where the half power point is achieved only on one side of the beam. This gives the scan limit of the antenna. The inter-element spacing is another important factor for phased array design. If the inter-element spacing is sufficiently large compared to the wavelength, the in-phase addition of radiated field may occur in more than one directions [26] , [67] . This causes multiple maxima of almost equal magnitude in the visible region. The principal maxima is referred to as the main lobe and the remaining lobes are called grating lobes [67] . The presence of grating lobe is to be avoided in phased array antenna. The grating lobe will appear at an angle θ if equation (1) shows any maxima at that angle. This will occur when kdcosθ + α = 2π i.e. cosθ = cosθ 0 λ d . Thus, to avoid the grating lobe, the inter element spacing is to be chosen such that it satisfies the condition 
IV. ANTENNA ARRAY PARAMETER
The important array parameters are presented in brief in this section to maintain the flow of the work and for better understanding. • Efficiency: The radiation efficiency e rad of an antenna/array is defined as the ratio of the power delivered to the antenna to the power radiated by the antenna [24] . Thus the efficiency mainly depends on the amount of power loss due to conductor and dielectric material. For array antenna, the feed-line loss also needs to be added. The total efficiency e tot includes the impedance mismatch loss of the antenna. The efficiency can be improved by reducing the surface wave loss by partial removal of substrate material [68] , reducing mutual coupling between array elements [69] .
• Gain: According to the IEEE standard definition the gain G(θ, φ) of an antenna/array is defined by the directivity for each polarization reduced by the efficiency factor e rad [24] . The array antenna is used to direct the radiated power at the desired angular sector by properly choosing the number, geometrical arrangement, relative amplitudes and phases of the array elements [67] . The directivity of the antenna/array in a certain direction θ 0 is given by the ratio of maximum power radiated per unit solid angle divided by the average power radiated (total power radiated divided by 4π [71] . Here |E(θ)| 2 average is equal to the average of |E(θ)| 2 over 4π steradian. E(θ) is the total radiated electric field which includes the element pattern and the array pattern. For non-uniformly weighted linear arrays, the directivity is given by [26] . In real applications, the elements of the array are non-isotropic elements and it is required to know the current distribution in each of the radiating element. Also the input impedance of an array changes with the scan angle due to the mutual coupling between the elements [24] . For array antennas, the realized gain is often used which is evaluated in terms of the total efficiency including the reflection and dissipation loss along with the array directivity. The array gain can be enhanced by introducing superstrate layer [72] , controlling the front to back ratio by optimizing the reflector ground plane edge width [73] etc.
• Array Polarization: The polarization of an antenna/array is described as the locus traced by the extremity of the time-varying electric field vector at a given observation point. According to the shape of the trace, it is classified in linear, elliptical and circular polarization. The polarization of an array depends on the polarization of individual element of the array, mutual coupling which depends on array size, architecture, feeding technique, phase shifter components used etc [74] . The mutual coupling causes degradation of cross polarization isolation with increased scan angle. The polarization purity can be maintained by reducing the mutual coupling using meta-materials [75] , [76] , The polarization compensation techniques are sometimes used to maintain polarization purity, which add up to the cost and complexity of the system [74] .
V. MILLIMETER WAVE ANTENNA ARRAY
The design of phased array in the mm-wave frequency range puts some additional design challenges compared to the more general low frequency phased arrays. The design challenges and their solutions are presented in this section.
A. ELEMENT CHARACTERISTICS
The antenna element is a major component in the design of phased array antenna. The antenna element is chosen according to the array requirements e.g. operating bandwidth, gain, polarization, side lobe level, maintainability, reliability etc. However, the performance of the overall system depends on the other components e.g. phase shifters, feed networks and a trade off in selecting the components can be made to achieve the optimum performance with cost minimization [36] . For mm-wave communication system, extra importance is given on the antenna gain (to compensate the high attenuation and path loss), size, and compatibility with other radio frequency modules [70] . The commonly used high gain antennas e.g. reflector, lens, horn antennas are suitable for mm-wave communications [77] . A circularly polarized reflectarray with two substrate layers using interlaced ground plane with cross-slots is designed for Ka-band satellite and radar applications [78] . The broad-band meta-material enabled horn antenna with improved cross-polarization isolation and aperture efficiency is used for dual-polarized satellite antenna in Ku-band [79] . However, in the present scenario, these antennas are not preferred for commercial mm-wave applications due to their large weight, high cost and bulky structure and inability to be integrated with solid state devices [80] . Different mm-wave antennas are broadly classified in several groups e.g. leaky-wave antennas based on open mmwaveguides, integrated antennas with the active and passive circuits combined with the radiating elements in monolithic form and micro-strip and printed circuit antennas etc [81] . In mm-waveguides e.g. dielectric guide, energy leakage occurs if the uniformity of the guide is perturbed. This leakage effect is used to introduce perturbations in the guides to achieve a controlled radiation in mm-wave frequency scanning array [82] .
The integrated antennas are referred to the radiating structures which are integrated with other devices e.g. solid-state oscillators, detectors, phase shifters, filters etc. on the same substrate in monolithic form [81] . These antennas are preferred for mm-wave power combining, beam steering and retro-directive arrays due to the desirable features e.g. compactness, light weight, minimum power consumption, low profile, multiple functionality etc [83] . Efforts are going on the design and development of efficient integrated antennas and the interesting recent works are reviewed in Section VI. The integrated antennas are broadly classified in several groups e.g. receive antenna with integrated detectors, transmit antenna with integrated oscillators and others according to their design principles [84] .
The radiation efficiency of the on-chip antennas is poor due to the low resistivity and high permittivity of silicon substrate used in IC. Also the inclusion of external antenna may cause serious mismatch at high frequencies due to the fabrication errors. In this situation, the bond wire antennas are used to achieve better efficiency and also is fed directly by the IC port to avoid coupling loss [85] - [87] .
The micro-strip antennas are extensively used in UHF and microwave frequency bands [84] , [88] , however for mm-wave applications not only the size of the antenna changes, the substrate properties and thickness become additional parameters of concern. The substrate thickness is quite high in mm-wave operations compared to microwave frequencies. This affects the bandwidth and input impedance of the antenna. The feasibility study of the application of micro-strip antenna for mm-wave frequencies is performed in [89] which presents a 4 × 4 micro-strip array with high efficiency at 60 GHz frequency. The micro-strip patch and printed dipole antenna are the most widely used micro-strip antenna structures [90] . The advancement in the design of mm-wave micro-strip antennas is presented in [91] .
B. MATERIAL PROPERTIES
The performance of micro-strip and integrated antennas depend on the selection of appropriate substrate materials. The commonly used substrate materials are characterized at lower frequency ranges upto 10 GHz. The substrate material properties of teflon and fused silica are studied for mm-wave applications [94] . Teflon is used for wave-guide slot arrays and the fused silica is chosen for integrated antennas [95] . The micro-strip antennas have several disadvantages e.g. low element gain, narrow bandwidth and limited power [96] . The gain can be improved by using arrays of elements. The power is limited by the thermal capacity of the substrate material. The other characteristics e.g. radiation pattern, bandwidth, input impedance, mutual impedance, efficiency etc. highly depend on the conductor properties, substrate thickness and relative permittivity values.
• Resonance Lengths: The lengths of the printed antennas e.g. micro-strip patch depends on the thickness and permittivity of the substrate.
Also only a part of the medium surrounding the antenna element is filled with dielectric material. So the simple formulation for resonance length in homogeneous medium is not applicable for this case. A very good comparative study is performed by Pozar on simple micro-strip structures and commonly used substrate materials e.g. poly-tetra-flouroethylene (PTFE), quartz, gallium arsenide [88] . The plot of resonance length of micro-strip patch versus substrate thickness for PTFE material presented in [88] shows that the patch antenna stops resonating for substrate thickness> 0.11λ 0 (λ 0 is the resonance wavelength) for both probe-fed and micro-strip line fed structures. Thus thick substrates are not suitable specially for mm-wave frequencies unless the inductive trend of the input impedance is compensated using capacitive-gap coupling feed line [88] . Also the bandwidth of the antenna depends on the substrate width and for micro-strip patch, the bandwidth increases rapidly with increasing substrate thickness in the range < 0.11λ 0 [88] .
• Loss due to Surface Waves The dielectric substrate behaves as a very efficient surface waveguide with lowest order surface wave (TM 0 ) mode having zero cut off frequency f c = nc 4h √ r −1 [94] . Here c is the speed of light and n = 0, 1, 2, 3, . . . determines the surface modes TM 0 , TE 1 , TM 2 , TE 3 etc. Thus the lowest order surface mode is excited to some extent on very thin substrates [90] . For thicker substrates, more surface wave modes are excited and coupling to the lower order modes become stronger. The surface wave does not contribute to the main beam radiation and can be considered as loss mechanism. The radiation efficiency is expressed by e rad = P rad P rad +P sw . Here P rad defines the power radiated by space wave while P sw determines the power coupled into surface waves. The diffraction of surface wave from the edge of finite sized substrate causes undesirable effects on side lobe level, polarization, main beam shape etc [90] . The surface wave may be coupled to or diffracted by the feed lines and other components on the substrate.
• Dielectric Loss The power loss due to dielectric heating depends on the loss tangent and complex permittivity of the particular dielectric material. The plot of efficiency versus thickness of dielectric materials with different loss tangent for micro-strip patch and dipole shows that efficiency increases rapidly with substrate thickness [88] . This is expected as the fields are more concentrated for thin substrates and narrow antenna elements for a given power level. This causes more power loss as dielectric heating for thinner substrate and narrower elements [97] .
• Conductor Loss The electromagnetic loss in the conducting layer of the transmission line becomes prominent at high frequencies and needs to be estimated properly [98] . The conductor loss depends on the frequency of operation, conductivity and surface roughness of the metal used, thickness, width, boundary layer between the conductor and substrate material etc [99] . For ideal conductors, the conductor loss at high frequencies can be accurately calculated using electromagnetic simulators. Also for non-ideal conductors with greater thickness compared to the penetration depth, accurate results can be obtained from the surface impedance values [98] . The conductors with high melting temperature, low conductor loss, low resistivity, good line resolution and solderability are preferred for high frequency circuit design [99] . The mostly used conductors with these properties are aluminum, copper, gold, silver, and palladium-silver alloys [99] .
C. FEED STRUCTURES
The common methods of exciting micro-strip antennas are direct feeding using co-axial probe or micro-strip line and indirect feeding without metallic contact between the feed line and antenna structure using electromagnetic coupling, aperture coupling or coplanar waveguide feed [100] . For coaxial feed arrangement, the increased probe length produces inductive impedance while choosing thicker substrate. Also, the probe feed is difficult to fabricate on monolithic substrates. For micro-strip line feeding, the width of the micro-strip feed line increases for increased substrate thickness, which further increases the undesired feed radiation. For micro-strip line feeding, the width of the feed line is independent of frequency and depends on the substrate thickness and permeability. However, the size of the resonant patch antenna decreases with increase in frequency. Thus at high frequencies, the feed line width may be comparable to the patch width which obstructs the radiation from the patch [90] .
The feed line for electromagnetic coupling is placed between the micro-strip antenna and the ground plane separated by two dielectric media [94] , [101] . Thus the spurious radiation from feed line can be eliminated here. Also the increase in overall substrate thickness increases the bandwidth. The performance of the antenna and also the feed line can be optimized by choosing two different dielectric media. The aperture-coupled feed configuration is also preferred for similar advantages. The method of coplanar waveguide feeding has a disadvantage of higher radiation from longer slot, which leads to poor front-to-back ratio. The front-to-back ratio is improved by reducing the slot dimension and modifying its shape in the form of a loop.
D. ARRAY PERFORMANCE
The mutual coupling between array elements, radiation from feed network degrades the performance of an array. The increased substrate thickness excites more number of surface wave modes. The mutual coupling between array elements involves transfer of power from one element to another via space waves (direct radiation) and also by surface waves. The more number of surface wave modes for thicker substrate causes increased mutual coupling at mm-wave frequencies which degrades the array side-lobe levels, main beam shape and may cause scan blindness [102] , [103] . Different techniques are employed to reduce the mutual coupling between array elements e.g. changing the feed position and feed structure [104] , replacing the ordinary rectangular antenna by modified structure [75] etc, cutting slot inside ground plane known as defected ground plane of different shapes e.g. circles [105] , rectangles [106] , use of meta-material [76] etc. At higher frequencies, the ohmic and dielectric losses and parasitic radiation in the feed network degrades the efficiency of the antenna. The feed lines laid on the same plane as the antennas will also radiate and interfere with the main antenna radiation [107] . Hence the feed lines and antennas are preferably etched on different layers. The corporate feed configuration is preferred for mm-wave frequencies as it allows flexible choice of element spacing, broader bandwidth and integration with other devices such as amplifiers and phase shifters. However, this type of array requires more space for feed network. Also the feed line lengths become quite long for large array. This causes insertion loss specially at mm-wave frequencies and lowers the array gain. 
E. ELECTROMAGNETIC INTERFERENCE
The partly or fully on-chip antennas are preferred for implementation of fully integrated radio systems in highly compact modules. The electromagnetic interference (EMI) is a major concern for the on-chip antennas and antenna-inpackage (AiP) modules since it causes mutual coupling and affects the proper operation of both the antennas and circuits [108] . So, it is important to understand the coupling mechanism, effects of grounding etc. and use of shielding, filtering, decoupling etc. to reduce EMI related problems. The substrate and power line coupling are the main coupling mechanisms present in these modules. The layout of the antenna is kept away from the power lines, inductors and capacitors since the coupling may detune the antenna and its radiation pattern. Also the antenna coupling to sensitive circuit components e.g. low noise amplifier may degrade their performance. The widespread power lines on the chip behaves as an efficient antenna and couple with actual antenna. The filtering and decoupling techniques need to be applied to avoid the interference. The use of differential antennas, air cavity, guard rings, fences of vias are some of the techniques to reduce EMI for AiP solutions [108] . Thus while designing the actual transmit/receive module using phased array antenna at mm-wave frequency, the effects of EMI need to be considered.
VI. STATE OF THE ART TECHNOLOGIES
The evolution in the area of array antennas in the mm-wave frequency developed till date for different applications are presented in this section. Instead of looking into the 5G related applications only, we rather broadly discuss state of the art technologies in the array antenna design in the frequency range of 10 -100 GHz. Though there may be sufficient number of mm-wave antennas with good performance, this paper mainly concentrates on the antennas/arrays with small size, easy to be integrated structures that can be used not only for cellular communications, but for advanced application areas e.g. radar communication, automotive radars, device to device communication, medical imaging, security and healthcare, internet of things (IoT) etc involving wide range of frequency starting from 10 GHz to 100 GHz. The consolidated list of reported works in the area of mm-wave antennas/arrays according to the frequency ranges is presented in Table 4 . An exhaustive analysis of the reported works is performed highlighting the strengths and drawbacks of various antenna array structures, which helps in figuring out the appropriate array configuration for different applications.
A. X-BAND (10 -12 GHZ) AND KU-BAND (12 -18 GHZ)
The discussion starts with the antennas designed for different applications in the frequency range of 10 -18 GHz. Different types of antennas have already been designed in this frequency range. Since the discussion in this paper mainly concentrates on mm-wave (i.e. 30 GHz and above), very few antennas working in X-band frequency range are discussed here mainly considering the suitability of the antenna for mm-wave communications.
The dual-polarized meta-material enabled horn antenna is used satellite communication in Ku-band [79] . The high gain array of micro-strip antennas are used instead of dish antenna for television reception at 12 GHz [109] , [110] . In [110] , the full size array uses four sub-arrays each consisting of sixteen comb-lines of forty radiating elements. The printed fractal monopole fed by grounded coplanar waveguide is used for wide-band application over 4.65 -10.5 GHz [111] . The dielectric resonator antenna fed by T-shaped monopole is used for ultra wide-band communication over 3.1 -10.6 GHz [112] . The performance of these antennas are summarized in Table 4 . The Ku band antennas find important applications in aircraft, spacecraft and satellite-based communication systems [113] . A Kuband patch antenna loaded with notch and slit is presented in [113] . An interesting microstrip antenna structure consisting of planar monopole with structured ground plane is designed in [114] for microwave imaging over a very wideband 3 -18 GHz. T-shaped patch with L-shaped slots on the ground layer and its array is designed in [115] for television broadcasting service in Turkey over Ku-band.
B. K-BAND (18 -26 GHZ)
The k-band (18 -26 GHz) frequencies are mostly used for radar and satellite communications. This range is also getting considered largely for next generation 5G communication. Pozar presents the results of an aperture-coupled stacked micro-strip antenna for k-band operation in [116] . The numerical results based on the integral equations solved in spectral domain by moment method are compared with experimental results. The bandwidth in excess of 20% is achieved due to the use of thick substrate. However, when integrated in phased array antenna, this structure generates scan blindness problem, which can be adjusted to the location beyond the desired scanning range [116] . A micro-stripfed endfire angled-dipole antenna is developed in [73] for mm-wave phased array applications in automotive radars and high data-rate communication systems. The antenna shows high radiation efficiency (93%) and low mutual coupling in the frequency range 20 -26 GHz. In a recent work, sub-arrays of patch antennas are chosen for mobile communication over [21] [22] . The sub-arrays are arranged along the edge of the mobile phone printed circuit board (PCB) for broad three dimensional scanning coverage with high gain (>10 dB) beams. The impact of the user's hand on the antenna performance is also investigated. However, the feed network which is an essential block in the design of array antenna is not incorporated in this work.
C. KA-BAND (26.5 -40 GHZ) AND Q-BAND (33 -50 GHZ)
The multi-layer circularly polarized reflectarray antenna is used for Ka-band satellite and radar applications [78] . The Ka-band is chosen for 5G cellular devices. The design approach and feasibility of a high gain mesh-grid antenna array integrated inside a cellular phone prototype operating at 28 GHz is presented in [118] . The biological implication on the user is also studied. Another interesting antenna structure implemented on PTFE substrate is reported in [119] . The U-shaped thin lens and 1 × 4 antenna array as feed source is proposed for 28 GHz wireless applications in [120] . The lens antenna maintains angular coverage along the xy-plane which is desired to achieve efficient end-fire radiation. A capacitive coupled patch antenna array designed for mobile phone chassis over 24 -28 GHz is presented in [121] . The coaxial probe-type feeding is intelligently used for capacitive coupling and reduction of the effective patch size. A broadband printed dipole antenna angled at 45 • and its array are proposed by Ta et al. for 5G cellular networks over [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The mutual coupling between the array elements is reduced by introducing a stub between the elements. A printed twin dipole phased array antenna is designed avoiding any bonding wire, air bridges or via holes in [122] . The butler matrix is used for multi-beam or switched beam applications in Ka-band [123] . The size of the array is reduced appreciably by assembling the butler matrix underneath the radiators using multilayer structures [123] . An end-fire linearly tapered slot antenna is reported by Yngvesson et al. for 35 GHz [124] . The linear phased array of quasi-yagi antennas is suggested for mobile phone PCB [125] . In some structures, the bond wire is used as antenna to avoid the coupling loss due to external antenna [85] , [86] . A compact, wide-band (37-66 GHz), highly efficient bond-wire antenna is presented in [85] .
The leaky wave corrugated slab waveguides have found important applications in mm-wave antennas for high resolution radars (40 -50 GHz) [93] . This design is found suitable for mm-wave integrated circuits.
A one-dimensional phased array of leaky-wave linesource antennas is used for two-dimensional scanning by Oliner [126] . Negligible cross polarization without any blind spot or grating lobe is achieved using this antenna [126] , [127] presents an aperture-coupled microstrip antenna which includes the study on the effect of feed network consisting of monolithic microwave integrated circuit (MMIC) on the antenna characteristics.
D. 60 GHz BAND (57 -64 GHZ)
As noticed from Table 1 , 57 -64 GHz is used mainly for WiGig and wireless HD applications. The 60 GHz frequency is used for WPAN/WLAN (IEEE 802.15.3c, 802.11ad/ay), wireless backhaul [19] and ISM applications.
Sufficient reported works are found on the antenna development in the 60 GHz frequency [128 -140] . Kinzel discusses the use of GaAs monolithic microwave integrated circuit (MMIC) technology for phased array design, array architecture and other MMIC issues in this frequency range [129] . A micro-strip array integrated with high electron mobility transistor amplifier on alumina substrate is reported in [130] . The transitions are avoided to reduce the loss. The measured results of an aperture-coupled micro-strip line-fed patch antenna array fabricated on LTCC substrate proves the suitability of standard LTCC process for mm-wave region [131] . The air cavities are introduced inside the substrate to achieve bandwidth and gain improvement (2.5 dB better). The slot antenna array is used in highly integrated 60 GHz radios in [132] .
The feasibility of on-chip and antenna-in-package technology for 60 GHz wireless personal area network (WPAN) application is demonstrated in [133] . Several reported works are found on using compact planar patch antenna arrays for unlicensed 60 GHz frequency band [134] . The bandwidth and radiation efficiency are improved by using air-cavity and VOLUME 7, 2019 FIGURE 10. Different types of microstrip antennas; (a) rectangular patch antenna; (b) broadband patch antenna with u-shaped slot; (c) elliptical dipole antenna [128] .
resonating aperture [134] . Very useful methodologies and measurement results are also presented for understanding the electromagnetic behavior of integrated circuits and on-chip antennas upto 67 GHz in [135] .
An integrated horn antenna excited by using an integrated vertical current probe connected with a coplanar waveguide (CPW) is presented in [136] .
Hong et al. reports a novel antenna array module designed on standard FR4 HDI PCB material and integrated into 60 GHz transceiver carrier board [137] . The use of low cost material and avoidance of complicated grid array assemblies appreciably reduces the cost of the module. An interesting square patch 1 × 6 array is reported for multiple bands within 58 -77 GHz in [138] . The patch antenna is designed on low dielectric Roger substrate to reduce the dielectric loss, whereas silicon is used under the feed network to reduce the size and achieve enhanced bandwidth. The spurious radiation from feed network is restricted by using superstrate material of high dielectric constant.
The design of mm-wave 5G antenna module and its implementation within fully operating cellular handset at the 60 GHz spectrum is presented in [139] . Two types of mesh-grid phased array antennas with reconfigurable horizontal and vertical polarizations are designed, tested and then integrated with rest of the RF and digital architecture. This work demands a very important role in the progress of 5G antenna design technologies. However, further investigation is required to increase the beam scanning range and incorporate spatial diversity.
The performance of several interesting planar antenna structures e.g. micro-strip patch, elliptical dipole and broadband probe-fed micro-strip patch antenna with U-shaped slot [140] is compared for 60 GHz applications in [128] ( Figure 10 ). The antenna structures are simulated and optimized using commercial electromagnetic simulator e.g. CST Microwave Studio. The antennas are designed on RT Duroid 5880 substrate with relative permittivity of 2.2 and thickness of 20 mil. The simulated results show that the impedance bandwidth over 57 -64 GHz is achieved for micro-strip patch antenna with U-slot. Also the 1 × 10 array using this antenna shows sufficient gain (15.3 dBi) and good scanning performance over +/−60 • [128] . The performance of micro-strip linearly-fed tapered patch antenna array and probe-fed microstrip comb line array structure are studied in [128] (Figure 11(a) -11(b) ). The arrays show gain of 12 dBi and 9.9 dBi respectively over the 60 GHz band. To avoid the loss due to co-axial probe feed, the modified antenna structure using electromagnetic coupling type feeding technique is suggested in the present work. Also the bandwidth of the antenna is increased by sandwiching another dielectric layer with properties similar to air between the feed line and the antenna as shown in Figure 11(c) . For different excitation phases applied to the antenna elements, the array as shown in Figure 11(d) shows good scan performance upto +/−45 • in the broad-side direction (Figure 12 ). The corporate-type feed network placed on a different layer i.e. upper layer of the lower dielectric material is suggested to avoid interference with the actual array radiation pattern. The array should be designed including the feed network to estimate the feed line loss.
E. V-BAND (40 -75 GHZ) AND W-BAND (75 -110 GHZ)
Interesting antenna structures are presented in [141] , [142] for V-band applications. An innovative topology implementing three dimensional (3-D) fully integrated filter and antenna as system-on-package is presented in [142] . The investigations on different end-fire tapered slot antennas with linear, exponential, constant-width slots at 35 GHz and 94 GHz are presented in [143] . A fully integrated 77 GHz phased array transceiver using local oscillator (LO) phase shifting scheme is described in [54] . A monolithic two-dimensional horn imaging array for mm-wave frequencies (93 GHz and 242 GHz) is presented in [144] . In [145] , a substrate integrated wave-guide (SIW) mono-pulse array is presented for W-band applications. The measured results show high gain around 25.8 dBi with narrow beam-width over 93 -96 GHz.
The reported works on antenna design for mm-wave applications are summarized in Table 4 according to the frequency ranges.
F. CONCLUDING REMARKS
Overall, the aforementioned developments in the area of mm-wave array antenna over decades offer solutions which approach to the design of efficient array on a substrate chip to achieve greater gain, power and range. This will serve as a solid base for future investigations and offer wide spectrum of applications in the future e.g. vehicular technology, medical applications, IoT, secured communications etc. The survey on the existing literature shows that the radiating structures are judiciously selected to achieve compactness, light weight, minimum power consumption, ease of integrability with other devices, gain and bandwidth requirements according to the specific applications. The planar antenna structures are preferred for the above mentioned properties. Also the substrate materials are chosen keeping in mind the high surface-wave loss and dielectric loss at mm-wave frequencies. In most of the reported works, relatively high cost advanced antenna materials of desired thickness are used to assure the low surface-wave and dielectric loss at the high frequencies (e.g. [120] ). Some literature presents antennas using low cost materials to achieve lower Bills of Material (BoM) (e.g. [146] ). The performance of the antennas are tested and verified for the desired frequency ranges. Sufficient importance is given on the feed arrangement in most of the reported works. The aperture coupled or electromagnetic coupled feed lines are chosen to avoid the spurious radiation from feed lines [123] , [131] . The coaxial feed mechanism is avoided in most of the cases to avoid the impedance matching problems. In some antennas, the co-axial probe feeding is used to reduce the size of the antenna [121] . The feed lines are placed in different layer than the antenna structures to avoid the effect of interference of feed radiation with actual antenna radiations [120] , [138] .
VII. EMERGING RESEARCH TRENDS
The advancement in the design of mm-wave circuits using semiconductor materials and new processes has made the mm-wave solutions as practical and affordable and it is finding all sorts of new uses. In this section, the development of mm-wave antennas and phased arrays for different applications which have received considerable attention in recent years and are expected to be the subject of future investigations are discussed.
A. VEHICULAR APPLICATIONS
The requirement of supporting advanced driving and vehicle safety applications needs the use of increased number of sensors generating higher data rates in the automated vehicles [10] . However, the limited sensing range of most of the sensor technologies limits the automation capability of vehicles. The connected vehicle i.e. employing wireless communications to exchange sensor data between the cars are considered as an alternative to increase the sensing range and improve automated driving functions [147] . The mm-wave communication is suggested as a viable solution to this problem to achieve the desired high data rate.
The design of the suitable directional antenna array for this purpose is an important research area [148] . The antenna that can be integrated within the vehicle is preferred. The presence of other antennas, electronic components and vehicle structure need to be taken into account while designing the antenna [148] . The small size, highly directional antenna, high resolution with low mutual coupling is preferred.
Some important works focusing on the antenna design for connected vehicles are discussed in [148] , [149] . Rappaport et al. presents the developments in vehicular radar at 60 GHz and above using low cost integrated antennas [149] . A wideband (25 % bandwidth) air-spaced micro-strip antenna array with 15.5 dBi gain is designed for vehicular communication over [63] [64] . The suspended antenna technology over substrate with high dielectric constant is used to improve antenna gain and efficiency for 77 GHz automotive applications [151] . The background and overview of state of the art mm-wave technology for automotive radar application including silicon-based fully integrated radar chips are presented in [152] . A 77 GHz antenna array designed on LTCC material is presented in [153] for short-range automotive radar application. The use of ceramic material helps to combine the antenna easily with the IC packages. The laminated wave-guide with high isolation and low loss is used to unify the antenna with the packages. The antenna array also shows high gain, low side-lobe level and wide bandwidth.
Overall, a growing variety of high performance mm-wave sensors are under development for driver assistance systems in semi-autonomous and autonomous mode vehicles. In the coming years, mm-wave will find its way into vehicular applications with high volume production and low cost potential. However, several challenges in mm-wave vehicular technologies e.g. channel modeling, placement of antenna, beam alignments etc. need to be considered. 
B. MEDICAL APPLICATIONS
The mm-wave imaging technique is used in different areas e.g. non-destructive testing and evaluation, tissue diagnosis for medical application, security scanning etc. [154] . The mm-wave provides better resolution and reduced penetration depth compared to microwave imaging due to its shorter wavelength. However, it can penetrate hundreds of micrometers to millimeters into the tissue, which helps to identify the pathological changes in different skin layers or outer tissue layers of organs. The recent developments in the area of integrated circuit technology at affordable cost for mm-wave frequencies, has enabled the use of mm-wave front ends for expensive clinical equipment as well as consumer grade medical applications [154] . Also the downscaling of the near field sensors and antenna interfaces due to shorter wavelengths helps in designing handheld or point-of-care devices. The technical principles of mm-wave tissue sensing are mainly classified in transmission type, reflection type, modulation of transmission line properties and quasi-optical setup [154] . The transmitted and reflected electromagnetic waves depend on the dielectric properties of the tissue materials. The high absorption level at mm-wave frequencies make the measurement of reflection co-efficient more suitable for in vivo applications. The commonly used method for mm-wave tissue diagnosis is the use of near-field probes in direct contact with the sample.
The high-resolution millimeter-wave medical imaging requires the use of very wideband, high-resolution, integrable antenna structure with symmetrical gain pattern for balanced and symmetrical scanning [155] .
The most commonly used mm-wave probes are co-axial transmission lines and waveguide probes [156] . To achieve higher resolution, alternate probe designs e.g. tapered waveguide, tapered transmission lines, micro-machined open-ended strip line probes, co-axial lines with an extended inner conductor are used instead of conventional probes [157] , [158] . In recent years, the mm-wave has been used for non-invasive blood glucose monitoring using commercial coaxial probe kit [159] . The mm-wave technology is utilized to complement X-ray diagnosis for finding hidden tooth caries [160] . The reflection coefficient of dental caries is measured using pyramidal horn antenna or wave-guide antennas [161] . The permittivity of human skin is measured from RF to terahertz frequencies to diagnose skin cancer using metalized dielectric, micro-machined silicon-core dielectric-rod waveguide, open-ended waveguide etc [162] , [163] and imaging are used for accurate assessment of burn injury of human skin [164] . Different mm-wave antennas for medical applications [157] - [169] are summarized in Table 5 . Future work will concentrate on a single chip transceiver with an even more reduced area by a compact CPW design.
C. IoT APPLICATIONS
The Internet of Things (IoT) is the recent trend in today's technology. The IoT has found application in different industries e.g. energy, health-care, automotive etc. The requirements for increased speed and bandwidth lead to the use of mm-wave frequencies for IoT applications [170] . The wireless communication is usually the defacto choice for communication between the IoT node devices. The selection of appropriate antenna system is a critical component of the node end smart devices.
High performing IoT requires efficient low-profile antennas providing reliable interference free communications. The requirements for increased power, larger bandwidth, higher gain, ever-shrinking foot-print, reasonable performance in extreme interference condition pose additional design challenges of the antennas. These require the use of multiple antenna technologies e.g. phased arrays, sector antennas, and MIMO signal processing [171] .
The phased array antenna is used to communicate with multiple sensors, point-to multi-point connection etc [172] . The energy consumption of the devices is a major challenge in the IoT applications. The backscatter modulation enables ultra-low power communication. A fully functional mm-wave identification (ID) system at frequencies above 70 GHz is presented in [173] . A mm-wave patch antenna with gain of 7 dBi and beam-width of 75 • is used for this purpose. An interesting work on Gbps backscatter transmission in the 83154 VOLUME 7, 2019 24 GHz band using low energy, low complexity communication platform is presented in [174] . A 5×1 circularly polarized patch antenna array with gain about 10 dBi is integrated with the front-end circuitry on flexible liquid crystal polymer (LCP) substrate. The flexible substrate allows the integration of the front-end with wearables for 5G mobile and IoT applications.
D. MASSIVE MIMO APPLICATIONS
The massive MIMO system has become a promising technology for communication in recent years. The system uses large antenna arrays at base stations to simultaneously serve many autonomous terminals. The increasing number of antennas in the transmitter/receiver produces more possible signal paths which improves the performance in terms of data rate and link reliability. The placement of huge number of antennas in close vicinity becomes a challenging issue as it causes mutual interference resulting in degradation in MIMO capacity. The higher carrier frequencies are chosen to place more number of antennas in a given antenna aperture [175] .
Thus the design of huge array antenna with high gain, reduced size, low loss, low mutual coupling, beam forming capability -all these issues become major challenges in the design of antennas for massive MIMO [176] .
The conventional multi-antenna transceiver design in massive MIMO requires to replicate multiple transmit-receive chain for each antenna, which proportionately increase the power consumption, chip area, complexity, interference etc. The use of code modulated path sharing multi-antenna architecture provides a solution to this problem by combining the signals for multiple antenna subsets into a single RF/intermediate frequency (IF)/baseband/analog-to digital converter (ADC) path [177] , [178] . For mm-wave MIMO systems, the antennas need to be integrated with the RF front ends. The planar discrete lens array has found applications in generating narrow beams for MIMO [179] . The parasitic antenna arrays are also used to achieve high beam forming gain by controlling the mutual coupling between the elements [180] . An interesting work on the design of dual band, high gain, series fed array of printed slot antenna is presented in [181] for 28/38 GHz MIMO applications. The performance comparison of different planar array antennas e.g. uniform rectangular, hexagonal and circular planar array show same maximum array gain, beamwidth and spectral efficiency while used in three dimensional massive MIMO system [182] . The diversity gain analysis of mm-wave MIMO systems for distributed antenna sub-array architecture is presented in [183] . The fully digital massive MIMO active antenna system for 28 GHz base station application is suggested and experimentally verified in indoor environment in [184] . In near future, the massive MIMO with fully digital transceiver will be available for sub-6 GHz as well as mm-wave frequencies [185] . The massive antenna array can also be used for low-power machine-type or ultra-reliable communications and for non-communication applications such as radar, sensing and positioning [185] .
E. OPEN PROBLEMS AND CHALLENGES
There are several challenges in the implementation of mm-wave communications [186] . We focus on the challenges related to the antenna design, which is the major crucial part of physical layer. In this section, we have already discussed the problems and limitations on antenna design for various applications. Here, we emphasize on the overall antenna design complexities in advanced applications at mm-wave frequencies and possible way out of these.
In this context, we have seen that the advancements in CMOS or SiGe technology with transit frequencies of hundreds of gigahertz in recent years motivates the researchers to design low cost and small sized on-chip or in-package antennas [10] . However the important parameters e.g. relative permittivity and loss tangent of these materials at mm-wave frequencies are not provided by the foundries, which induces the designers to measure these important parameters and complicates the antenna design [10] . At mm-wave frequencies, the beam-forming array antenna with closely packed antenna elements are mostly used to direct the signal power spatially and achieve high gain. The mutual coupling between the elements in close proximity indulges additional challenge in antenna design and demands special attention. It is desired to reduce the mutual coupling by some intelligent method e.g. inclusion of stub [69] , meta-material [76] , [187] between array elements. Also the feed network for the array antenna needs to be selected and included at the very beginning of the design phase of actual array to estimate the effect of feed radiation on the actual pattern. The in-package antennas suffer from adequate loss due to the package interconnects. Again, the electromagnetic interference between the antennas and other circuit components in on-chip antennas plays a very important role in the proper functioning of both the antennas and the circuit components [108] . However, detailed study on this area is lacking in most of the reported works on antennain-package (AiP) modules. For accurate estimation of performance of the on-chip antenna, electromagnetic modeling of the antenna including the active and passive components is required.
As already discussed, the electronic beam steering mechanism is preferred over mechanical approach [188] . The electronic beam steering is achieved by incorporating certain phase shifting between the array elements. The conventional methods of phase shifting is 1. introduction of phase shifters connected with the elements and 2. frequency scanning using travelling wave structures with inter-element spacing. At mm-wave frequencies, the phase shifters are quite lossy which decrease the effective antenna gain and hard to implement and presently are not available in the market [188] , [189] . Also high losses are associated with the power distribution to each element. In this situation the alternative approach of using travelling wave frequency scanning antenna with limited bandwidth may be deviced. Also research should be carried out on the design of high frequency phase shifter or to come up with the advanced antenna design with proper isolation that nullify the loss of phase shifter at high frequency.
The implementation of MIMO techniques is necessary for future mm-wave communication systems. Each antenna of the fully digital MIMO array requires a dedicated RF chain including PA, LNA, ADC/DAC, mixer and other components, which is really challenging in the present scenario [190] . The components e.g. PA and data converters are highly power consuming and costly [191] . The alternative low RF-complex hybrid analog/digital architecture with corresponding signal processing technique needs to evolve [192] . Also, the massive multi antenna technique is to be used to achieve the desired network densification in 5G network [193] . The 3-D beam-forming with the capability of scanning in both horizontal and vertical plane is the key working technology of the massive multi antenna systems. It has envisaged as an important research area in recent years [194] - [196] . This new technology increases the complexity in the antenna design also. This requires to choose more general 3-D array topologies with the array elements placed in both azimuth and vertical plane in different configurations e.g. planar, circular, spherical etc [195] . There are several challenges e.g. placement of large number of antenna elements in close proximity, increased cost and complexity with the increment in the number of RF chains attached with the antennas. However, the major challenge is to determine the pattern shape of the array, since the commonly used pattern synthesis techniques e.g. Fourier-Bessel series [197] to determine the pattern in 3-D space is mostly used for planar, symmetric arrays. Also, the array design methods are applicable for narrow-band systems, which is not desired for the advanced 3-D beam-forming applications. This demands the use of advanced array configurations with wide-band beam shaping design. Recently research has started on antenna array configuration which needs to be explored further in future.
VIII. CONCLUSION
This paper presents an exhaustive survey on the design of array antenna for mm-wave communications. Different array architectures and techniques, important parameters of the array antennas are presented briefly. The evolution of array antennas for mm-wave communications emphasizing the design, promising application areas, benefits and short-comings of the designs are described here. The design of mm-wave antenna has become a crucial issue and found appreciable attention by the researchers. The phased array antenna is chosen for mm-wave communication due to its ability to produce directive beam with high gain in desired direction by changing the excitation phase of the array elements to combat the high path loss at mm-wave frequencies. However, there are various design challenges -e.g. choice of antenna/array structure, method of beam scanning, feed structures, integration of RF front-end with the antennas, mutual coupling between array elements, electromagnetic interference between the electronic circuits in the front-end and antenna etc. For mm-wave applications, extra care should be given on the selection of antenna elements, material properties, mutual coupling, feed radiation loss etc. The antenna performance needs to be evaluated in terms of gain, radiation pattern, impedance bandwidth etc. From the survey of the reported works of the last five decades, it is noticed that though different types of regular and irregular array architectures are used for various applications, the good old regular rectangular array suits well for most of the cases. Also the planar antenna elements are preferred for most of the applications due to their properties e.g. low profile, light weight, ease of integration with other components on the same substrate etc. The corporate feeding is a reliable and proven technique for the array feeding. However, there is a quest for antenna element and array structure with smaller size, high directivity, reduced loss, low mutual coupling, low price etc. Also the antenna element with feed network needs to be designed as a whole to understand the loss mechanism and estimate the actual system performance before fabrication. The mm-wave technology has become an affordable and practical solution to various application areas due to the recent developments in the field of low-cost materials and integrated-circuit designs. Mm-wave is successfully implemented for vehicle to everything (V2X) communications. For efficient mm-wave phased array design for this purpose, the channel modeling, antenna placement, beam alignments etc. need to be taken care of. Overall, it is evident from the survey that the mm-wave array antenna has an enormous potential to be implemented in various application areas e.g. medical imaging, IoT, massive MIMO, 3-D beam-forming etc. In view of the upcoming applications, antenna design needs to be revisited for the actual system design.
